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Precise specific heat of barium titanate single crystals of different quality has been measured with
special attention to the temperature region above the ferroelectric phase transition. It is shown
that excess specific heat of the multiaxial barium titanate in the paraelectric phase has a fluctuation
nature and its temperature dependence is in accordance with the theoretical predictions of Levanyuk
theory for multiaxial ferroelectrics. In this study the first observation of fluctuation contribution to
the specific heat is presented. The correlation parameter δ is estimated to be 0.66×10−16 cm2 for
Remeika-type crystals and 0.45×10−16 cm2 for TSSG (top-seeded solution growth) crystals.
PACS numbers: 77.80.-e, 05.40.-a, 77.84.Cg, 65.40.Ba
INTRODUCTION
Barium titanate (BT) is a well-studied model ferro-
electric crystal which has wide range of practical applica-
tions due to exceptional dielectric and electromechanical
properties [1]. However until now there are some un-
clear issues related to the mechanism of the ferroelectric
phase transition. Recent works widely discuss the ori-
gin of the pretransitional phenomena in the cubic para-
electric phase which appear in the anomalous tempera-
ture dependence of Brillouin frequency shift [2, 3], bire-
fringence [4, 5], thermal expansion [6], second harmonic
generation [7]. Authors associate these effects with the
hypothesis of the appearance of the local polar nanore-
gions (clusters) in the symmetric (on average) paraelec-
tric phase [8–10]. However the analytical form of the
temperature dependence of the corresponding physical
quantities was not determined. Only in ref. [11] possibil-
ity of a logarithmic temperature dependence of the elastic
stiffness coefficient of BT near Tc was noted.
Actually these effects can be the manifestation of the
fluctuation phenomena, which can be considerable in the
multiaxial ferroelectrics like BT [12]. However the fluc-
tuations of order parameter in BT have not been stud-
ied before in detail because the phase transitions in mul-
tiaxial ferroelectrics (what is BT) is of the first order.
It is also essential to note that the fluctuation phenom-
ena in uniaxial ferroelectrics (such as TGS or KDP) sig-
nificantly suppressed and their experimental observation
is impracticable [13]. This is true for both the order-
disorder and displacive type of the ferroelectric phase
transitions. Thus the study of fluctuation phenomena
in multiaxial barium titanate becomes of fundamental
interest, and this explains the noticeable activity in this
direction. Calorimetric experiments can give significant
contribution to the problem of anomalous pretransitional
effects and fluctuation phenomena can give calorimetric
experiments because historically traditional methods of
determination of the specific heat are particularly accu-
rate. This paper presents the results of such a precise
calorimetric study of single crystals of BT of different
quality with special attention to the temperature region
above the ferroelectric phase transition point. Analysis
includes accurate calculation of the anomalous part of
the Cp, and revealing of its analytical form.
SAMPLES AND METHOD
The objects of the study were single crystals of bar-
ium titanate of various qualities. To clarify the defect
influence we prepared single crystals grown by different
methods. First group of the crystals were grown by Re-
meika method [14] and represented yellow-colored trian-
gle plates with the thickness of 0.2÷1.0mm. The crystal
samples of this type are generally considered as “dirty”
ones containing excess of K, F, Pt [15]. The second
group of the crystals was obtained by top-seeded solution
growth method (TSSG) [16], they had linear dimensions
of the order of 1 cm and were colorless. In each group,
a few crystals were prepared for measurements. Crys-
tal samples were cut to linear size of 2÷ 3mm and then
polished to a thickness of 0.10÷ 0.12mm.
Specific heat measurements were carried out by ac -
calorimetry technique using a calorimeter Shinku–Riko
(ACC–1 M/L). The chopped light with the frequency of
2÷ 3Hz from a halogen lamp was the source of thermal
radiation. The method is based on the determination of
amplitude of the temperature change of the sample under
illumination of heat flux. Under certain conditions this
change of the temperature is inversely proportional to the
heat capacity of the sample. The method is described in
details in [17, 18]. Sensitivity of determination of specific
heat (Cp) is 0.1÷0.2%. Since the ac -calorimetry method
allows to obtain only relative values of specific heat we
get absolute values of Cp by comparison with the data
of adiabatic calorimetry taken from the classical work of
2FIG. 1. Temperature dependence of the specific heat of BT
single crystal (TSSG) at Tc ± 100K. Cooling. Arrows show
additional anomalies above Tc.
Todd [19]. Using this data we obtain that the specific
heat at 302K is equal to 0.44 J/g·K.
The calorimetric experiments were performed by heat-
ing of the samples from room temperature to 500÷650K
and cooling back. The rate of temperature change was
selected from 10 to 30K/h. The depth of the runs to
the cubic paraelectric phase and time spent by sample at
higher temperature were varied, so in fact it corresponded
to the different conditions of the sample annealing. For
the accurate determination of the background (lattice)
heat capacity, the measurements were also made at low
temperatures (down to 80K).
RESULTS AND DISCUSSION
It should be noted that we had qualitatively different
thermal behaviour of the specific heat in the paraelec-
tric phase for the first heating and cooling cycles. The
example of temperature dependence of the specific heat
is shown in Fig. 1 for the TSSG-type sample. It can be
seen that the typical λ-type specific heat anomaly is ob-
served in the vicinity of Tc (406K), although the latent
heat for first order phase transition was not detected in
connection with the specific features of ac -calorimetry.
Similar curves were obtained for the Remeika-type crys-
tals in which Tc was shifted down by 15 ÷ 20K from Tc
for TSSG-type crystals (depending on crystal).
In the paraelectric phase above Tc, the additional dif-
fused anomalies (marked by arrows) can be seen, which
may remind us that observed previously by Hatta and
Ikushima [20]. They only reported about an additional
anomaly of specific heat at Tc + 20K, but have not dis-
cussed it’s nature in detail. We observed such anomalies
on both Remeika and TSSG crystals, almost in all first
measurements both on cooling or heating. In our ex-
periments the additional anomalies appeared at different
temperatures above Tc and did not show a unified form.
But after several cycles of heating and cooling with
deep run into the cubic paraelectric phase, we succeeded
to obtain the monotonic dependences of the specific heat
above Tc without any additional anomalies both for Re-
meika and for TSSG crystals (Fig. 2). The appearance
of additional anomalies and deviations of specific heat
from monotonic curves should depend on the thermal
history of the samples: this result clearly indicates the
importance of pre-treatment of samples such as anneal-
ing, ageing and experimental conditions in an observation
of such phenomena particularly near Tc.
It is reasonable to assume that there is a kind of “mem-
ory effect” of the domain structure of the crystal, which
persists even in the cubic phase. This memory effect is
associated with the redistribution of defects, which leads
to long relaxation processes after the transition to the
FIG. 2. Temperature dependence of the specific heat of BT
single crystals at Tc±100K, after several heating-cooling runs.
A – TSSG, B – Remeika-type crystal. Cooling. (Solid line:
calculated background specific heat).
3paraelectric non-polar phase. When the defect reflection
relaxes after thermal annealing during series of measure-
ments, the associated thermal anomalies in the paraelec-
tric phase disappeared (Fig. 2).
It is particularly important to point out that the same
monotonic temperature dependence of Cp above Tc was
observed for both groups of BT crystals. Thus it seems
reasonable to consider the monotonic dependence of Cp
for the annealed BT crystals as their intrinsic property.
For precise analysis, we have calculated the contribution
of lattice part of Cp (background) as
Cbgp =
3R
µ
·
[
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T
)
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T
)
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(
416
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)
+ 2 · E
(
770
T
)
+ 7× 10−4 · T
]
(1)
FIG. 3. Excess specific heat of BT for two types of crystals.
by using also low-temperature experimental data [21],
where D and E are Debye and Einstein functions, and
µ = 233.26g/mol, R – universal gas constant.
The anomalous part of the specific heat (Cp) above
this background for both types of BT crystals is clearly
seen in Fig. 3, where ∆Cp(T ) for TSSG and Remeika-
type crystals are plotted against T − Tc. It is evident
that there is a clear “tail” of the specific heat above Tc
in the temperature region between Tc and Tc +50K and
for the both types of crystal the curves almost coincide.
That means that the effect of imperfections is excluded
here and the intrinsic property of BT crystal is revealed.
Figure 4 shows that ∆Cp/T
2 is quite close to (T −
T0)
−1/2 behaviour in the rather wide temperature region
above Tc. It seems to be a reasonable and important
result because such temperature dependence was pre-
dicted by the theory of the fluctuation phenomena for
the nonferroelectric and for the multiaxial ferroelectrics
like BT [22]:
∆Cflp =
kBT
2α3/2
8piδ3/2
(T − T0)
−1/2. (2)
Here kB is Boltzmann constant, α = 4pi/CC−W, and
CC−W is Curie–Weiss constant. The correlation parame-
ter δ is an important physical quantity which determines
the domain wall width and the polarization profile in
thin films. It should be noted that in this formula we
supposed to take not Tc (transition temperature) but T0
(extrapolated Curie–Weiss temperature for the first or-
der phase transition). In BT, the difference Tc − T0 is
between 1K and 8K [23]. The value 4K was chosen in
our calculations to obtain the linear behaviour for ∆Cflp .
Using the experimental data given in Fig. 4 we are able
to estimate the coefficient of (T − T0)
−1/2. As CC−W =
2.07×105K for TSSG and 1.51×105K for Remeika-type
crystal [24], the corresponding values of α are 6.07 ×
10−5K−1 and 8.32 × 10−5K−1 respectively. Thus we
obtained values of δ as 0.45×10−16 cm2 for TSSG crystals
and 0.66 × 10−16 cm2 for Remeika crystals as shown in
Fig. 5. It is interesting to note that the obtained optimal
values of δ agree quite well with its estimation by the
classical relation δ ∼ αTca
2 [25], where a is the unit cell
parameter (about 0.4 nm for BaTiO3).
FIG. 4. Excess specific heat divided by T 2 for the two types
of BT above phase transition in the double logarithmic scale.
4FIG. 5. Calculated temperature dependences of the fluctu-
ation part of Cp for three different values of δ (lines) and
experimental temperature dependence of excess specific heat
(dots). A – TSSG, B – Remeika-type crystal. Marked values
of δ are in cm2.
CONCLUSION
It has been already pointed that in uniaxial ferro-
electrics of order-disorder type like TGS or KDP the
polarization fluctuation contribution to specific heat is
suppressed and quite small [12, 13]. In case of the mul-
tiaxial barium titanate, which cubic in the paraelectric
phase, a situation is quite different. Fluctuation of po-
larization and the fluctuation contribution to the specific
heat supposed to be considerable but still small, which
has not been observed earlier because of the first order
nature of the phase transition. In this study the first
experimentally observed fluctuation contribution to the
specific heat in the multiaxial ferroelectric crystal BT is
presented. Described agreement between our data and
Levanyuk’s theory requires more detailed analysis, tak-
ing into account the behavior of the specific heat in the
ferroelectric phase and the anisotropy of the δijkl tensor,
which will be published in the near future.
Using precise calorimetric measurements on the single-
crystal barium titanate of different quality it is shown
that the temperature dependence of specific heat in para-
electric phase can be obtained without additional anoma-
lies above Tc after multiple heating-cooling cycles. It
is shown that “tails” of the specific heat in paraelectric
phase has the fluctuation nature, the temperature de-
pendence of anomalous part of specific heat in the cubic
phase was found to be close to the inverse square root of
(T − T0) that corresponds to theoretical values obtained
by Levanyuk for multiaxial ferroelectric crystals. The ef-
fective value of the correlation parameter δ is successfully
estimated.
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